With increasing evidence demonstrating the importance of stromal involvement in ovarian cancer pathogenesis ([@djy097-B1]), identification of stroma-derived factors associated with aggressive phenotypes and chemoresistance presents a unique opportunity for development of new treatment strategies. As tumor-supportive roles of cancer-associated fibroblasts (CAFs) have been increasingly recognized, researchers have begun to evaluate the potential of inhibiting tumor progression through stromal ablation. Several studies have shown that ablation of activated myofibroblasts does not suppress tumor progression ([@djy097-B2],[@djy097-B3]), whereas other studies showed that silencing CAF-derived mediators could inhibit ovarian cancer progression ([@djy097-B4]). Reprogramming CAFs by targeting the CAF--cancer crosstalk networks presents a new opportunity for development of novel cancer treatment strategies ([@djy097-B7],[@djy097-B8]).

Gene expression profiling and genome-wide screening have accelerated the discovery of differentially expressed genes in high-grade serous ovarian cancers (HGSOCs) ([@djy097-B9]). However, a clinically useful interpretation of a transcriptome-based signature that guides treatment of HGSOC is lacking. In addition, most previous studies used bulk tumor tissue samples with various degrees of stromal contamination, which could skew the resulting transcriptome profiles. Without comprehensive but separate transcriptome information generated from stromal cells and cancer cells, it is impossible to decipher the stroma--cancer crosstalk networks.

Here, we report the use of transcriptome profiles generated from microdissected CAFs and epithelial cancer cells from HGSOCs, and an advanced systems biology modeling program, Cell-Cell Communication Explorer (CCCExplorer), to predict activation of TGF-β-dependent and TGF-β-independent Smad crosstalk networks in CAFs. In addition, we queried our in-house and public databases to identify a US Food and Drug Administration (FDA)--approved drug, calcitriol, to target Smad signaling preferentially to suppress tumor progression and improve survival rates.

Methods
=======

Microdissection and Microarray Analysis of Tissue Samples
---------------------------------------------------------

RNA was extracted from microdissected frozen tissue samples collected under protocols approved by the MD Anderson Cancer Center Institutional Review Board (IRB), with written informed consent from patients. All tumor tissue samples were resected from the primary tumor site of previously untreated HGSOC patients. Transcriptome profiling was performed using the GeneChip Human Genome U133 Plus 2.0 microarrays (Affymetrix). The Supplementary Methods (available online) include the details for microdissection, microarray processing, quality control, and data analysis.

Hierarchical Clustering and Silhouette Analysis
-----------------------------------------------

Hierarchical clustering based on Euclidean distance and Wards linkage was performed for the clustering analysis of transcriptome profiles. Silhouette analysis was performed to determine the optimal number of clusters.

Crosstalk Prediction With CCCExplorer
-------------------------------------

The Activated Transcriptional Factor discovery module and the Activated Ligand--Receptor interaction discovery module were used in the prediction of crosstalk signaling pathways between cancer cells and CAFs. Details on database construction, computational analysis, and robustness assessment are provided in the [Supplementary Methods](#sup1){ref-type="supplementary-material"} (available online).

Repositioned Drug Identification
--------------------------------

Drug prediction was performed based on gene set enrichment analysis (GSEA) and affinity propagation clustering of 2202 FDA-approved drugs on the Smad signaling pathway. The analysis is described in [Supplementary Methods](#sup1){ref-type="supplementary-material"} (available online).

Statistical Analysis
--------------------

The SPSS 19 (IBM Corporation) and Prism 5.0 (GraphPad Software) software programs were used. In vitro experiments were repeated independently in triplicate. A two-tailed Student *t* test was used to determine the statistical significance of differences in sample means for data with normally distributed means. The Mann-Whitney *U* test was used for analysis of nonparametric data. For survival analysis, the nonparametric Kaplan-Meier method and log-rank tests were performed. *P* values of less than .05 were considered statistically significant. All statistical tests were two-sided.

Accession Numbers
-----------------

Data files from transcriptome profiling analysis were deposited on GEO and were assigned the accession number GSE115635.

All other detailed methods, including those for the mouse experiments, are in the [Supplementary Methods](#sup1){ref-type="supplementary-material"} (available online).

Results
=======

Prognostic Significance of CAF Gene Expression Profile in Ovarian Cancer
------------------------------------------------------------------------

To evaluate the roles of ovarian CAFs in tumor progression and their impact on patient survival rates, transcriptome profiling was performed on laser-microdissected epithelial tumor cells and stromal CAFs from HGSOC patient samples collected under protocols approved by MD Anderson Cancer Center IRB (n = 70). The CAF-N subtype has a gene expression signature distinct from that of the MSCs, and the CAF-C subtype has a gene expression signature similar to that of the MSCs ([Figure 1A](#djy097-F1){ref-type="fig"}). Silhouette analysis identified k = 3 as the optimal number of clusters for k = 3 through 10 for both hierarchical (Wards linkage) and k means clustering ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}, available online). Therefore, transcriptome profiles were further analyzed as three distinct clusters (MSCs, CAF-C, and CAF-N). Principal component analysis (PCA) also identified MSC, CAF-C, and CAF-N as three distinct clusters ([Figure 1B](#djy097-F1){ref-type="fig"}). Probe sets representing differentially expressed genes were visualized on the PCA loading plot ([Figure 1C](#djy097-F1){ref-type="fig"}). Upregulated and downregulated genes in CAF-C compared with CAF-N ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online) largely overlapped with the upregulated and downregulated genes in MSCs, with CAF-N as a baseline ([Figure 1D;](#djy097-F1){ref-type="fig"}[Supplementary Table 3](#sup1){ref-type="supplementary-material"}, available online). To facilitate visualization, probe sets represented in the PCA loading plots were colored according to their expression levels in a particular sample; this analysis further supports the greater similarity between CAF-C and MSCs than between CAF-N and MSCs ([Figure 1E](#djy097-F1){ref-type="fig"}). Kaplan-Meier analysis on patients with both CAF and cancer cell gene expression profiles available demonstrated that patients with the CAF-C signature in CAFs had shorter median overall survival than patients with the CAF-N signature (16 vs 33 months, 95% confidence interval \[CI\] = 14.1 to 17.9 months and 95% CI = 28.6 to 37.4 months, respectively, n = 46, *P* = .047) ([Figure 1F;](#djy097-F1){ref-type="fig"} additional clinical and histopathological information described in [Supplementary Table 4](#sup1){ref-type="supplementary-material"}, available online). These results suggest that CAF heterogeneity may play a role in modulating survival rates in HGSOC patients. Transcriptome analysis of the expression levels of CAF-specific markers, fibroblast activation protein (FAP) and alpha smooth muscle actin (ACTA2), found that they were expressed at statistically significantly higher levels in CAF-C than in CAF-N (both *P* \< .001) ([Figure 1G](#djy097-F1){ref-type="fig"}), suggesting that although CAF-C has a global expression pattern more like that of MSCs, the presence of the CAF-C subtype is due to the activation of myofibroblasts, not contamination by MSCs.

![The prognostic significance of the cancer-associated fibroblast (CAF) gene expression profile in ovarian cancer. **A)** Laser microdissection was performed on isolated epithelial tumor cells and stromal CAFs from frozen tissue samples obtained from patients with high-grade serous ovarian cancer (HGSOC; n = 70). As undifferentiated bone marrow--derived mesenchymal stem cells (MSCs) that have migrated to the tumor site have been shown to be a source of CAFs, transcriptome profiling was performed on primary bone marrow MSCs isolated from five healthy individuals. Hierarchical clustering analysis of transcriptome data generated from laser-microdissected CAFs and purified bone marrow MSCs identified two major CAF subtypes. **B)** Principal component analysis (PCA) on microdissected transcriptome profiles. **C)** With a fold change of 2 set as the cutoff, probe sets representing differentially expressed genes were visualized on the PCA loading plot. **D)** According to their expression levels, up- and downregulated genes in CAF-C, CAF-N, and MSCs were colored in **red** and **blue**, respectively. **E)** Differentially expressed probe sets represented in the PCA loading plots in three representative samples for each of the gene signature subtypes. **F)** The overall survival durations of patients with the CAF-C and CAF-N gene expression signatures (n = 46) were evaluated by Kaplan-Meier analysis and log-rank test. **G)** Transcriptome analysis of the expression levels of FAP and ACTA2 in CAFs with CAF-C and CAF-N gene expression signatures. CAF = cancer-associated fibroblast; MSC = mesenchymal stem cell.](djy097f1){#djy097-F1}

Prediction of Stromal--Epithelial Crosstalk Signaling
-----------------------------------------------------

We employed a streamlined workflow for the prediction of survival-associated signaling crosstalk between ovarian cancer cells and CAFs with CCCExplorer ([Figure 2A](#djy097-F2){ref-type="fig"}). Microdissected transcriptome profiles were analyzed, and overexpressed secretory ligands from cancer cells ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}, available online) and activated transcription factors from CAFs in the CAF-C patient cohort ([Supplementary Table 6](#sup1){ref-type="supplementary-material"}, available online) were identified. Furthermore, through reconstruction of receptor--transcription factor crosstalk, differentially activated crosstalk signaling pathways in the CAF-C patient cohort were predicted ([Supplementary Table 7](#sup1){ref-type="supplementary-material"}, available online). Among them, overexpression of cancer cell--derived INHBA binding to CAF-derived ACVR2A, the receptor of INHBA ([@djy097-B13]), was associated with activated Smad signaling in CAFs in the CAF-C patient group (*P* \< .001) ([Figure 2B](#djy097-F2){ref-type="fig"}). As ovarian cancer patients with the CAF-C signature had lower survival rates than those with the CAF-N signature, activation of Smad signaling in CAFs may be associated with poor survival rates in patients with HGSOCs.

![Identification of stromal--epithelial crosstalk signaling by the CCCExplorer. **A)** Schematic diagram showing the workflow for the identification of differentially activated signaling pathways in ovarian cancer patients with cancer-associated fibroblast (CAF)--C and CAF-N signatures and the cellular crosstalk with the corresponding cancer cells (cancer cell--C and cancer cell--N, respectively) using transcriptome profiles generated from microdissected ovarian cancer cells and CAFs at the stromal--epithelial interface from the same patient. Such an intercellular crosstalk identification cannot be achieved by using transcriptome profiles generated from bulk tumor tissue alone. To delineate the crosstalk between CAFs and ovarian cancer cells and to identify the signaling pathways contributing to the poor survival rates in the CAF-C patient cohort, new computational functions were added to the multicellular systems biology software CCCExplorer to discover 1) activated transcription factors (TFs) based on increased expression levels of downstream target genes revealed by the transcriptome profile, 2) activated ligand--receptor interaction based on the expression levels of secretory ligands, cell surface receptors, or both, and 3) reconstruction of crosstalk signaling between cell types by linking activated ligand--receptor and TF--downstream target gene information. **B)** Microdissected transcriptome profiles of CAFs and epithelial tumor cell samples from CAF-C and CAF-N subtype patients were analyzed. Activated signaling pathways in CAF-C were predicted through the identification of overexpressed secretory ligands in cancer cells and activated transcription factors in CAFs in the CAF-C patient cohort. **C)** Similarly, activated signaling pathways in CAF-C were predicted through the identification of overexpressed receptors and activated transcription factors in CAFs in the CAF-C patient cohort. CAF = cancer-associated fibroblast; TF = transcription factor.](djy097f2){#djy097-F2}

Activation of Smad signaling in CAFs could be due to differentially expressed receptors. To test this hypothesis, CCCExplorer was modified to allow the input of upregulated expressed receptor information in CAFs and cancer cells to predict the differential crosstalk signaling networks of CAF-C and CAF-N samples ([Supplementary Tables 8 and 9](#sup1){ref-type="supplementary-material"}, available online). Expression levels of TGFBR2 in CAFs and activation of Smad signaling were statistically significantly greater in CAF-C samples than in CAF-N samples. These data suggest that Smad signaling may be preferentially activated in CAFs in the CAF-C patient group, but not in the CAF-N patient group, through the binding of cytokine TGF-β to the overexpressed TGFBR2 (*P* \< .001) ([Figure 2C](#djy097-F2){ref-type="fig"}).

In sum, CCCExplorer suggested that both TGF-β-independent and -dependent Smad signaling networks were preferentially activated in CAF-C compared with CAF-N. To evaluate Smad signaling pathway activation in patients with different CAF gene expression signatures, immunostaining of phosphorylated Smad2/3 was performed on formalin-fixed, paraffin-embedded tissue sections from HGSOC patients with CAF-C and CAF-N tumors. CAFs in patients with CAF-C had higher levels of phosphorylated Smad2/3 in CAFs than in patients with CAF-N ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available online).

Robustness assessment of CCCExplorer using randomly generated gene lists ([Supplementary Table 10](#sup1){ref-type="supplementary-material"}, available online) or the aforementioned differentially expressed gene lists with random addition/deletion of genes ([Supplementary Table 11](#sup1){ref-type="supplementary-material"}, available online) as input data showed that randomly selected unimportant genes had a minimal effect on the prediction of truly important pathways, confirming the robustness of CCCExplorer.

INHBA-Induced Smad Signaling in Ovarian CAFs
--------------------------------------------

As CCCExplorer found ovarian cancer cell--derived INHBA-mediated Smad signaling activation in CAFs via its engagement of the ACVR2A receptor, we evaluated the expression levels of INHBA and ACVR2A in ovarian cancer cells and CAFs. Both INHBA expression in cancer cells and ACVR2A expression in CAFs were statistically significantly higher in patients with the CAF-C signature than in those with the CAF-N signature ([Figure 3A](#djy097-F3){ref-type="fig"}). Analysis of 1138 transcriptome profiles of bulk HGSOC tissue samples using KMplot ([@djy097-B14]) revealed that high expression levels of INHBA and ACVR2A were each statistically significantly associated with reduced overall survival (*P* \< .001 and *P* = .01, respectively) ([Figure 3B](#djy097-F3){ref-type="fig"}). In our patient cohort, high expression of INHBA by cancer cells was associated with poor clinical outcomes. Patients with high and low levels of INHBA expression had a median overall survival (95% CI) of 21 (18.5 to 23.5) months and 33 (0 to 66.3) months, respectively (*P* = .26) ([Figure 3C](#djy097-F3){ref-type="fig"}). INHBA has been shown to activate Smad signaling by binding to ACVR2A ([@djy097-B15]), and we previously demonstrated that Smad signaling activation in CAFs contributes to the aggressive phenotypes of ovarian cancer cells and is associated with poor patient survival ([@djy097-B6]). To demonstrate that INHBA activates Smad signaling in ovarian CAFs, CAFs were treated with recombinant activin A, and Smad signaling activation was determined. Quantitative real-time polymerase chain reaction (qRT-PCR) results showed that compared with control, activin A statistically significantly increased the expression levels of the Smad signaling downstream targets COMP and VCAN (*P* \< .001 and *P* = .004, respectively) ([Figure 3D](#djy097-F3){ref-type="fig"}) ([@djy097-B6]). Furthermore, immunoblot analysis showed that activin A induced phosphorylation of Smad2/3 in CAFs ([Figure 3E](#djy097-F3){ref-type="fig"}). These results suggest that activin A activates the Smad signaling pathway in ovarian CAFs.

![Tumor cell--activated Smad signaling in cancer-associated fibroblasts (CAFs). **A)** Expression levels of INHBA and ACVR2A in microdissected tissue samples were evaluated. **B)** Survival analysis on INHBA and ACVR2A expression using 1138 GEO transcriptome profiles. **C)** In the MD Anderson patient cohort, survival analysis on tumor INHBA expression was performed. **D)** Expression levels of the Smad downstream genes COMP and VCAN were evaluated in CAFs treated with 10 ng/mL recombinant activin (mean ± SD of three independent experiments; two-tailed Student *t* test). **E**) Expression of phosphorylated Smad2/3 in untreated CAFs and CAFs treated with 10 ng/mL recombinant activin A was evaluated by immunoblot analysis. **F)** The effect of exogenous INHBA treatment of CAFs on ovarian cancer cell motility was studied using a co-culture system (mean ± SD of three independent experiments; two-tailed Student *t* test). **G)** To validate that TGF-β-dependent Smad signaling activation in CAF-C is mediated through increased TGFBR2 expression in CAFs in CAF-C tumors compared with that in CAF-N tumors, quantitative real-time polymerase chain reaction analysis of TGFBR2 was performed on microdissected CAFs (n = 62, *P* \< .001). **H)** The list of TGF-β-inducible genes identified in normal fibroblasts treated with TGF-β was compared with the list of differentially expressed genes identified in CAFs with the CAF-C gene expression signature. **I)** Heatmap showing the unsupervised clustering results for 70 high-grade serous ovarian cancer patients according to their expression levels of TGF-β-inducible genes in CAFs. **J)** The prognostic significance of the expression levels of TGF-β-inducible genes by CAFs was evaluated by Kaplan-Meier analysis and log-rank tests. **K)** To demonstrate that the activation of TGF-β/Smad signaling in CAFs is mediated by binding of the ovarian cancer cell--secreted ligand TGF-β to TGFBR2, co-culture experiments were performed by co-culturing CAFs with cancer cells in the presence or absence of TGF-β-neutralizing antibody or TGF-β receptor 2 inhibitor. The expression level of phosphorylated Smad2/3 was evaluated by immunoblot analysis. **L)** To evaluate the effect of TGF-β--treated fibroblasts on ovarian cancer cell motility potential, cancer cells were cultured alone or with fibroblasts in the presence or absence of TGF-β, and in the presence or absence of TGF-β--neutralizing antibody or TGF-β receptor 2 inhibitor (mean ± SD of three independent experiments; two-tailed Student *t* test). CAF = cancer-associated fibroblast.](djy097f3){#djy097-F3}

To demonstrate that activation of Smad signaling in ovarian fibroblasts induced by INHBA promotes cancer cell aggressiveness, CAFs treated with activin A were co-cultured with ALST and OVCA433 ovarian cancer cells. Cancer cells co-cultured with activin A--treated fibroblasts demonstrated a statistically significant increase in motility potential in Boyden chambers compared with those co-cultured with untreated fibroblasts ([Figure 3F](#djy097-F3){ref-type="fig"}).

TGF-β-Induced Smad Signaling in CAFs in CAF-C Tumors
----------------------------------------------------

To validate that TGF-β-dependent Smad signaling activation in CAF-C is mediated through increased TGFBR2 expression, qRT-PCR analysis of TGFBR2 was performed. TGFBR2 mRNA expression levels were statistically significantly higher in CAF-C than in CAF-N (*P* \< .001) ([Figure 3G](#djy097-F3){ref-type="fig"}). Upon engagement of TGF-β receptor 1/2 heterodimeric complex to TGF-β, TGF-β receptor 2 undergoes phosphorylation and activates the downstream Smad signaling cascade. The results suggest that the activated TGF-β/Smad signaling in ovarian CAFs in the CAF-C tumors may be due in part to the increased TGF-β receptor 2 expression levels. Further, the list of TGF-β-inducible genes identified in normal fibroblasts treated with TGF-β was compared with the list of differentially expressed genes identified in CAFs in CAF-C and CAF-N tumors. A vast majority (89 out of 94 genes) of TGF-β-inducible genes in ovarian fibroblasts were upregulated in CAFs of the CAF-C tumors compared with CAF-N tumors ([Figure 3H](#djy097-F3){ref-type="fig"}).

To determine the prognostic significance of the TGF-β-inducible CAF-C signature in HGSOC patients, hierarchical clustering was performed in the original cohort of 70 patients based on the expression levels of the 89 TGF-β-inducible genes. Two distinct groups were identified ([Figure 3I](#djy097-F3){ref-type="fig"}). Kaplan-Meier analysis and log-rank tests demonstrated that patients with higher levels of TGF-β-inducible genes expressed by CAFs had poorer overall survival rates. Patients with high and low levels of TGF-β-inducible gene expression had a median overall survival (95% CI) of 16 (7.5 to 24.5) months and 32 (24.9 to 39.1) months, respectively (*P* = .02) ([Figure 3J](#djy097-F3){ref-type="fig"}).

To demonstrate that the activation of TGF-β/Smad signaling in CAFs is mediated by binding of the ovarian cancer cell--secreted ligand TGF-β to TGFBR2, co-culture experiments were performed using CAFs and OVCA433 ovarian cancer cells. Co-culturing CAFs with cancer cells increased the phosphorylation of SMAD2/3 in CAFs, which was abrogated by the addition of TGF-β-neutralizing antibody or the addition of TGF-β receptor 2 inhibitor (ALK inhibitor) ([Figure 3K](#djy097-F3){ref-type="fig"}).

To evaluate the effect of TGF-β-treated fibroblasts on ovarian cancer cell motility potential, cancer cells were cultured alone or with fibroblasts in the presence or absence of TGF-β. Cancer cell motility increased when cancer cells were co-cultured with ovarian fibroblasts in the presence of TGF-β, whereas this effect was abrogated in the presence of TGF-β-neutralizing antibody or with the addition of TGF-β receptor 2 inhibitor. Treating ovarian cancer cells with exogenous TGF-β along with TGF-β-neutralizing antibody or with TGF-β receptor 2 inhibitor had no effect on cancer motility ([Figure 3L](#djy097-F3){ref-type="fig"}).

Activation of Smad Signaling in CAFs and its Association With Patient Survival
------------------------------------------------------------------------------

As patients with CAF-C tumors have poorer survival rates than those with CAF-N tumors, we further investigated the clinical significance of Smad signaling activation in CAFs using a list of Smad2-regulated and Smad3-regulated genes based on the information from the Ingenuity Pathway Analysis database ([Supplementary Table 12](#sup1){ref-type="supplementary-material"}, available online). Hierarchical clustering identified two distinct groups of patients on the basis of the Smad-regulated gene signature on microdissected CAF expression profiles ([Figure 4A](#djy097-F4){ref-type="fig"}). Patients with higher levels of Smad-regulated gene expression by CAFs had a median overall survival duration (95% CI) of 15 (15.8 to 17.3) months, whereas patients with lower levels of Smad-regulated gene expression had a longer median overall survival of 26 (15.9 to 36.1) months (n = 70, *P* = .03) ([Figure 4B](#djy097-F4){ref-type="fig"}).

![Identification of repositioned drugs that target activated Smad signaling in cancer-associated fibroblasts (CAFs). **A)** From the Ingenuity Pathway Analysis database, a list of Smad2-regulated and Smad3-regulated genes was generated. Hierarchical clustering was performed to stratify high-grade serous ovarian cancer (HGSOC) patients based on the expression levels of Smad-regulated genes. **B)** Kaplan-Meier analysis and log-rank test were performed to determine the prognostic significance of Smad-regulated gene expression by CAFs in HGSOC patients. **C)** The computational approach used to identify and repurpose known drugs to target activated Smad signaling networks in CAF-C-based gene set enrichment analysis and affinity propagation clustering. **D)** A list of US Food and Drug Administration--approved repositioned drugs that potentially target Smad signaling in CAFs was refined by filtering possible false-positive candidates through affinity propagation clustering. **E)** Network analysis on the binding of calcitriol to vitamin D receptor (VDR). **F)** The prognostic significance of VDR expression in CAFs was evaluated by Kaplan-Meier analysis and log-rank test using 855 GEO transcriptome profiles (*P* = .002). **G)** Similarly, the prognostic significance of VDR expression in CAFs was evaluated in the MD Anderson patient cohort (*P* = .02). CAF = cancer-associated fibroblast; VDR = vitamin D receptor.](djy097f4){#djy097-F4}

Identification of Smad Signaling Targeting Repositioning Drugs
--------------------------------------------------------------

We used a computational approach to predict known drugs that have passed phase I safety trials to target activated Smad signaling networks in CAF-C ([Figure 4C](#djy097-F4){ref-type="fig"}). Using the Connectivity Map database, computational modeling, and GSEA, we generated a list of FDA-approved drugs that potentially target Smad signaling. The drug list was refined by filtering possible false-positive candidates through affinity propagation clustering ([Figure 4D;](#djy097-F4){ref-type="fig"}[Supplementary Table 13](#sup1){ref-type="supplementary-material"}, available online). Calcitriol, also known as vitamin D3, was selected for further functional studies because it is known to target both TGF-β-dependent and TGF-β-independent Smad signaling by inhibiting the binding of Smads to their target genes ([@djy097-B16]). In addition, calcitriol can bind to the vitamin D receptor (VDR) ([Figure 4E](#djy097-F4){ref-type="fig"}) and activate downstream events that inhibit Smad signaling in CAFs ([@djy097-B17],[@djy097-B18]). High levels of VDR expression in HGSOCs were associated with better patient survival rates via analysis of 855 transcriptome profiles deposited to GEO (*P* = .002) ([Figure 4F](#djy097-F4){ref-type="fig"}) and of the microdissected transcriptome of our original cohort of 70 patients. Patients with high and low levels of VDR expression in CAFs had a median overall survival (95% CI) of 25 (10.7 to 39.3) months and 20 (16.2 to 23.8) months, respectively (*P* = .02) ([Figure 4G](#djy097-F4){ref-type="fig"}).

Inhibition of Smad Signaling in CAFs
------------------------------------

To evaluate the tumor-suppressive effects of calcitriol in vitro, calcitriol was added to the co-culture of CAFs and ALST ovarian cancer cells or to ovarian cancer cells alone in the presence of exogenous TGF-β. TGF-β induced ovarian cancer cell motility in the presence of CAFs, and the effect was abrogated by the addition of calcitriol ([Figure 5A](#djy097-F5){ref-type="fig"}), suggesting that the inhibitory effect of calcitriol on cancer cell motility is mediated through inhibition of TGF-β/Smad signaling in CAF. To show that this effect is mediated through the VDR on CAFs, ALST ovarian cancer cells were co-cultured with CAFs, with VDR expression silenced by siRNAs ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available online). VDR knockdown abrogated the motility-suppressive effect of calcitriol on ovarian cancer cells ([Figure 5B](#djy097-F5){ref-type="fig"}). To demonstrate that calcitriol inhibits TGF-β/Smad signaling in CAFs, primary CAFs treated with calcitriol were analyzed by qRT-PCR for the expression of CAF-C-derived mediators, including COMP, MFAP5, and VCAN, which have been shown to be associated with ovarian cancer progression ([@djy097-B4],[@djy097-B6]) and poor patient survival rates ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}, available online). Although TGF-β upregulated these genes in CAFs, the stimulating effect of TGF-β was abrogated by calcitriol in a dosage-dependent manner ([Figure 5C](#djy097-F5){ref-type="fig"}). In addition, reporter assays showed that although TGF-β treatment induced Smad promoter--driven luciferase activity, this induction was abrogated by the addition of calcitriol ([Figure 5D](#djy097-F5){ref-type="fig"}). These data are further summarized in [Supplementary Figure 4](#sup1){ref-type="supplementary-material"} (available online).

![Effects of calcitriol on ovarian cancer progression in vitro and in vivo. **A)** To evaluate the tumor-suppressive effects of calcitriol in vitro, calcitriol was added to the co-culture of cancer-associated fibroblasts (CAFs) and ALST ovarian cancer cells or to ovarian cancer cells alone in the presence of exogenous TGF-β (mean ± SD of four independent experiments; two-tailed Student *t* test). **B)** To show that the inhibitory effect of calcitriol was mediated through the vitamin D receptor (VDR) on CAFs, the co-culture study was repeated using CAFs with VDR expression silenced (mean ± SD of four independent experiments; two-tailed Student *t* test). **C)** Expression levels of the Smad downstream genes COMP, MFAP5, and VCAN in CAFs were evaluate in CAFs treated with various dosages of calcitriol (mean ± SD of three independent experiments; two-tailed Student *t* test). **D)** Reporter assays were performed on two different ovarian fibroblast lines, with the luciferase reporter driven by Smad promoter stably integrated into the genome to investigate the effects of calcitriol treatment on Smad signaling pathway inhibition (mean ± SD of three independent experiments; two-tailed Student *t* test). **E)** To evaluate the use of calcitriol as a novel therapeutic agent repositioned for ovarian cancer treatment, 2 × 10^6^ OVCA432 and 2 × 10^6^ primary ovarian CAFs were mixed, resuspended in sterile phostphate-buffered saline (PBS), and co-injected subcutaneously into athymic nude mice. Tumors were allowed to develop for five days before calcitriol treatment. On day 5, mice were randomized, and the control group received intratumoral injection of sterile PBS, whereas the treatment group received calcitriol treatment at 60 μg/kg. All mice were treated twice weekly for a total of 3 weeks. At the experimental end point, luciferase-based tumor imaging was performed. Subsequently, all mice were killed and had subcutaneous tumor nodules removed, weighed, and fixed for further histologic analysis (mean ± SD; n = 10 per group; Mann-Whitney *U* test). **F)** Immunolocalization of Ki-67 and phosphorylated Smad2/3 on tumor tissue samples harvested from control mice and mice treated with calcitriol (phosphorylated Smad2/3--positive CAFs are indicated by **arrows** in the untreated tumor nodule; **bar** = 100 μm). **G)** To study the effects of calcitriol treatment on the survival of transgenic mice, the Amhr2-Cre-driven Dicer/PTEN double-knockout genetically engineered mouse model was used. These transgenic mice have ovarian tumor onset at the age of three to four months and a disease progression highly similar to that of human high-grade serous ovarian cancer. The 9 mice from the treatment group were given 60 μg/kg of calcitriol whereas the 11 mice from the control group were given PBS twice per week via intraperitoneal injections until the mice became moribund. The survival duration for each mouse was recorded, and Kaplan-Meier survival analysis was performed (*P* = .04).](djy097f5){#djy097-F5}

Effects of Calcitriol Treatment on In Vivo Tumor Growth
-------------------------------------------------------

The effects of calcitriol treatment on ovarian tumor progression were evaluated in OVCA432 ovarian tumor--bearing mice. Cancer cell luciferase signals and tumor weights were statistically significantly lower in calcitriol-treated mice than in control mice (*P* = .01 and *P* \< .001, respectively), suggesting that calcitriol effectively suppressed tumor growth in mice co-injected with ovarian cancer cells and CAFs ([Figure 5E](#djy097-F5){ref-type="fig"}). Furthermore, immunohistochemical analysis of Ki-67 and phosphorylated Smad2/3 showed that mice treated with calcitriol had fewer Ki-67--positive cancer cells per unit of tumor area than did control-treated mice. Phosphorylated Smad2/3 signals in CAFs were markedly decreased in mice treated with calcitriol compared with control mice ([Figure 5F](#djy097-F5){ref-type="fig"}).

Effects of Calcitriol Treatment on Survival of Spontaneous Ovarian Cancer--Developing Transgenic Mice
-----------------------------------------------------------------------------------------------------

Based on the publication by Ding et al. ([@djy097-B16]) and our preliminary studies in which calcitriol dosages at 20, 40, and 60 μg/kg were tested for inhibition of Smad signaling activation, the dosage of 60 μg/kg was used for treatment using the Amhr2-Cre-driven Dicer/Pten double-knockout genetically engineered mouse model ([@djy097-B19]). The calcitriol-treated mice had a longer median survival than the control mice (48 vs 36 weeks, 95% CI = 33.4 to 62.6 weeks and 95% CI = 32.8 to 39.2 weeks, respectively, *P* = .04) ([Figure 5G](#djy097-F5){ref-type="fig"}), suggesting that calcitriol can be included in the treatment regimen for HGSOC patients who develop CAF-C type tumors.

Discussion
==========

Using crosstalk systems biology modeling, we demonstrated that advanced HGSOCs can be divided into two subtypes based on CAFs with and without the activation of TGF-β-dependent and TGF-β-independent Smad signaling pathways. We showed that activation of Smad signaling in CAFs is associated with poor survival rates in HGSOC patients. Furthermore, treating HGSOCs with the repurposed drug calcitriol suppressed HGSOC progression in both co-culture and in vivo models, suggesting that calcitriol may be used as an alternative treatment regimen to improve survival rates.

We identified two distinct subtypes of CAFs: CAF-N and CAF-C. The transcriptome signature of CAF-C resembles that of MSCs, one of the known precursor cells of CAFs ([@djy097-B20]). These findings suggest that CAF heterogeneity in the tumor microenvironment occurs within HGSOCs. Using transcriptome data generated from microdissected CAFs, we showed that patients with the CAF-C signature had worse survival rates than those with the CAF-N signature, implicating that tumor cell signatures and CAF subtype signatures have prognostic and predictive values in ovarian cancer. Additional analyses showed higher expression of TGF-β-inducible genes in CAFs with the CAF-C signature than in the CAF-N signature. Silencing genes such as VCAN and MFAP5 in CAF-C subtypes suppressed ovarian cancer progression and angiogenesis in vitro and in vivo ([@djy097-B4],[@djy097-B6],[@djy097-B21]), suggesting that TGF-β-regulated genes in CAFs may play a role in conferring the aggressiveness of ovarian cancer cells.

CCCExplorer is a multicellular computational systems biology platform that was first applied to uncover the stroma--tumor crosstalk in lung cancer ([@djy097-B22]). In this study, we expanded the modeling capability of the CCCExplorer by 1) adding signaling pathways activated by upregulated receptors and, more importantly, 2) adding a novel drug repositioning module to block the stroma--tumor interactions based on the uncovered novel stroma--tumor crosstalk signaling pathways. With these two additional modules, CCCExplorer predicted activation of both TGF-β-dependent and TGF-β-independent Smad pathways in CAFs in patients with the CAF-C subtype of ovarian cancer. The TGF-β-independent pathway involves the binding of INHBA, which is overexpressed in ovarian cancer cells of the CAF-C type tumors, to its receptor, ACVR2A, in CAFs. INHBA has been shown to activate Smad signaling by binding to ACVR2A ([@djy097-B15]). The TGF-β-dependent Smad signaling pathway involves the binding of TGF-β in the tumor microenvironment to the overexpressed TGFBR2 in CAFs of tumors with the CAF-C expression signature. These findings suggest that reprogramming CAFs by targeting the Smad signaling pathway in CAFs of CAF-C type tumors can suppress ovarian cancer progression and improve patient survival rates.

Our in vitro and in vivo studies demonstrated that calcitriol is an effective therapeutic agent for ovarian cancer, preferentially targeting Smad-regulated genes. Several studies show that targeting the vitamin D signaling pathway has the potential for developing anticancer therapeutics ([@djy097-B17]). Activation of the VDR axis by synthetic vitamin D analogues reprograms stromal fibroblasts to suppress pancreatitis and enhance pancreatic cancer therapy ([@djy097-B18]). In addition, synthetic vitamin D analogues can suppress kidney fibrosis by binding VDR and preventing the Smad complex from binding to the SMAD3-binding element in the nucleus ([@djy097-B23],[@djy097-B24]). Low vitamin D3 correlates with poor survival in ovarian cancer patients ([@djy097-B25]). The identification of CAF heterogeneity in this study suggests that stratification of patients based on the CAF signature for calcitriol treatment would extend patient survival.

To our knowledge, this study is the first to use a multicellular systems biology approach combining advanced computational biology methods and rigorous experimental biology to identify novel stroma--tumor crosstalk signaling networks and known drugs targeting the networks in HGSOCs. We generated comprehensive transcriptome profiles from microdissected CAFs and ovarian cancer cells and identified signatures in CAFs with prognostic significance. We added new functionality to CCCExplorer to discover activation of TGF-β/Smad signaling pathways in a subtype of CAFs associated with poor patient survival rates. The activated Smad signaling and identified crosstalk enabled us to reposition known drugs by querying drug information databases and performing computational analysis to rank candidates for ovarian cancer.

Our study has limitations that should be considered. To further address the complexity of the tumor microenvironment, an update of the software that supports crosstalk analysis between three or more cell types is currently under development. In addition, although laser capture microdissection provided us with the spatial information of the different cell types in our study, the information is not currently being utilized. Incorporation of spatial information, like using distance between cell types as one of the input parameters, could further improve prediction accuracy.

In summary, our study opens a new vista in the design of therapeutic strategies based on transcriptional reprogramming of CAFs for the treatment of ovarian cancer. In addition, the CCCExplorer platform can be extended to uncover novel crosstalk targets and drug candidates of other cancer types.
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